The instability at the yv locus on chromosome 6 of Lycopersicon esculentum has been re-investigated. Cytogenetic analysis of green, green-yellow variegated and yellow plants showed that the instability is not caused by the somatic segregation of extra chromosomal fragments as was proposed earlier by Hagemann. Instead, it is postulated that the variegated line carries an unstable recessive allele of yv (yvnw) that mutates frequently from dominant green to recessive yellow on the basis of the following observations: (i) variegated plants produced variegated and yellow offspring in aberrant ratios, and (ii) yellow male sterile plants appeared in populations derived from crosses of the Yvrns line with wild-type plants and the line LA 780, being recessive yv. Using the isozyme marker Aps-1 linked to yv, it was shown that the deficit in variegated and yellow mutants, which frequently occurs in F2 populations derived from crosses between the variegated mutant and wildtype yv plants, was due to certation. From the analysis of these F2 populations, it is concluded that the instability at yv is likely to be controlled autonomously. No evidence was obtained showing germinal reversion events to occur, as inferred from the absence of green plants among the selfed offspring. Variegated offspring were produced by a yellow plant which is interpreted to represent a somatic reversion event from yellow to variegated. Remarkably, when variegated plants were crossed to wild-type plants, F1 plants with a mutant phenotype appeared. On the basis of analogies with mutable alleles from maize and Drosophila, alternative mechanisms underlying the mutability of yv are discussed.
Introduction
Genes interrupted by transposable elements commonly show a high instability owing to the frequent excision of the element out of the gene. When cell-autonomous traits such as pigmentation or chlorophyll production are involved, somatic instability gives rise to the variegated patterns so often noticeable in flowers, kernels and leaves (Nevers et aL, 1986) . In fact, variegation is one of the important features through which insertion mutations have been recognized. In addition to transposable elements, variegation has also been attributed to several other causes, including chimerism, virus infection, instability of (additional) chromosomal fragments, nutritional deficiencies (Kirk & Tilney-Bassett, 1978) and monogenic mutations (MartInez-Zapater et al., 1992 Nevers et al. (1986) formulated a set of general rules to allow insertion mutations to be identified on the basis of genetic criteria. These include: (i) usually wildtype spots appear on a recessive background, indicating that the phenotypic switch is from recessive to dominant, (ii) segregation of the unstable character obeys the laws of Mendel, although stable recessives and wild-type revertants frequently arise as a result of the (im)precise excision of the element, (iii) new alleles are generated with heritable altered phenotypes, and (iv) in some instances a second factor is required for the instability. Examples of the latter are to be found among the two-component systems such as Ac/ Ds and Spm/dSpm in Zea mays, where the autonomous element is capable of transactivating the non-autonomous element integrated at the locus responsible for the variegated phenotype. A number of specific mutants are known in which variegation is associated with transposable element insertions, although the phenotypic switch is from dominant to recessive (reverse variegation) (Nevers et a!., 1986) . In some of these instances it has been shown that wild-type expression of genes carrying an insertion of a transposable element occurred, due to the splicing of the element from the transcript. Null sectors on wild type background can then appear following the incorrect excision of the element (Wessler, 1988; Menssen et a!., 1990 ).
In tomato, no endogenous transposable elements have been isolated thus far, but tomato lines which carry unstable genes have been recorded (Burdick, 1956; Rick et al., 1956; Hagemann, 1958 Hagemann, , 1962 ; Lesley & Lesley, 1961 , 1963 Seeni & Gnanam, 1980; Gill, 1983) . In none of these cases could the variegated character be unequivocally attributed to the presence of transposable elements. The green-yellow variegated mutant detected by Hagemann (1962) in the X2( = M2) generation following irradiation of tomato seeds appeared to be a case of reverse variegation. This socalled eversporting mutant was shown to be allelic to the yellow virescent (yv) locus, which is a nuclear gene affecting chloroplast development (Hagemann, 1962; Herrmann & Hagemann, 1967) . The yv locus has been mapped previously on the long arm of chromosome 6 (Robinson & Rick, 1954) in the proximity of the heterochromatic region bordering the centromere (Khush & Rick, 1968 (Hagemann, 1967; Herrmann & Hagemann, 1967) and yellow plants with normal fertility (Robinson & Rick, 1954). On the assumption that endogenous transposable elements are involved in the instability at the yv locus, this case has been re-investigated. Formerly, the somatic instability was explained in terms of the frequent loss of a centric fragment of chromosome 6 carrying the wild type yv allele or a complementary factor which determined, together with yvmc, a green leaf colour (Hagemann, 1963; Herrmann & Hagemann, 1967) . According to this hypothesis, the presence of a fragment in an otherwise recessive homozygote yv gives rise to green tissue whereas the loss of this fragment in some cells and their clonal offspring produces yellow sectors or yellow progeny. In this study, cytogenetic evidence is presented that argues against the role of a centric fragment in the variegation.
Furthermore, we report new genetic data on the unstable mutation and discuss the possible mechanisms underlying the instability.
Materials and methods P/ant material
The seeds of the eversporting mutant Yvrns (55218416 and 55218516) were kindly provided by R. Hagemann.
The features and the origin of the tomato genotypes used are summarized in Table 1 . The yv allele, described originally by Robinson & Rick (1954) , has been indicated in the present article as yV', to emphasize its difference from yvms. All plants were grown in the greenhouse with standard cultivation methods. to the procedure of Ramachandran & Ramanna (1985) . In each plant 50-100 somatic and pollen mother cells were analysed. The number of fragments was scored in well-spread metaphase stages in mitotic cells whereas in pollen mother cells, pachytene, metaphase I and anaphase I cells were analysed.
Acid phosphatase isozyme analysis Leaf samples were assayed for acid phosphatase (APS) isozyme activity according to Aarts et al. (1991) .
Results

Cytological investigations
Distribution of fragments. As to the nature of the instability at the yv locus in the so-called eversporting mutant, which is depicted in Fig. la , Hagemann proposed that the appearance of the yellow sectors on the green leaves was the result of the frequent loss of a centric fragment of chromosome 6 carrying a wild-type yv allele or another factor necessary for the expression of yv'T1 (Hagemann, 1963 Hagemann's (1962 Hagemann's ( , 1967 observations, all the seedlings with green cotyledons eventually became variegated. When examining root tip cells, most plants carried fragments in addition to the normal diploid chromosome number (2n=2x=24), their number varying between one and six (Table 2) . Upon closer examination, however, it became clear that sometimes two pairs of macro-and microsatellites of chromosome 2 were detached from the main bodies of the chromosomes giving the false impression of the presence of fragments (Fig. 2a) . The chromosome 2 origin of the fragments was further confirmed through Giemsa staining of the somatic chromosomes (Fig. 2b) . In pollen mother cells, the satellites were not detached from the chromosomes, and centric fragments were identified as such by their capacity to divide during late metaphase I or anaphase I (Fig. 2c) . Following the study of pollen mother cells, it was established that the number of centric fragments present in green, variegated and yellow plants varied between zero and three ( Table 2) . A notable feature was the considerable variation in the size of the fragments ranging from 2 to 3 4uM to the size of small tomato chromosomes (5-7 ,uM). Thus, regardless of their phenotype, the majority of the plants appeared to possess fragments. Moreover, the number of fragments present in these plants was not related to the proportion of yellow plants detected in their offspring (Table   3 ). These findings argue against the hypothesis of Hagemann who predicted that yellow plants are devoid of fragments and that an inverse relation exists between the number of fragments in a given parent plant and the percentage of yellows in their offspring.
Genetic analysis
Mutability of the mut allele and genotype of variegated plants. To explain the conversion from green to yellow in the eversporting mutant we postulated the presence of an unstable yv allele (yv"°')which frequently mutates to yvm. This assumption was originally been put forward by Hagemann before he switched to favouring the fragment hypothesis (1962) . The occurrence of yellow male sterile plants in the offspring of variegated plants indicated that the newly generated yv allele was stably transmitted to the next generation (Table 3) and yvms/ yv' sectors were expected to arise in the original yvnt1t/ yvmut mutant. In cases where all gametes were derived from yvh1t/yvmc sectors the maximum percentage of yellow plants among the selfed offspring should be 25 per cent. The selfed progenies consisted, however, of significantly higher percentages, up to 61 per cent, of yellow plants. From this observation it was inferred that, unlike the male sterility of the yv"/yv plants, the yv!m/yv sectors contributed to the germinal tissue. Alternatively, the relative high proportion of yellow plants could be the result of mutation events in meiotic tissue. 
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Among the selfed population of the original variegated mutant, early and late spotting plants were identified, the latter by their green cotyledons. These different patterns of expression may indicate a difference in genotype of the variegated plant. In principle, a variegated plant can be composed of two genotypes: mut/yvmut or yvmuh/yvms. Taking into account that in homozygous yvt plants, two simultaneous mutations are needed for the formation of yellow sectors, it is likely that the late spotting plants represented the homozygous yvmLht plants. To test this hypothesis, an attempt was made to deduce the genotype of the variegated plants from the proportion of yellows in their offspring, on the assumption that yvmut homozygotes are likely to produce yellows in a frequency lower than 25 per cent (the percentage expected for a recessive character) and yv"/yv"" heterozygotes in a frequency higher than 25 per cent. The proportion of yellows, however, exceeded 25 per cent in all but one progeny.
Apparently, the mutation rate was too high to distinguish parental genotypes by this criterion. Alternatively, the occurrence of early and late spotting plants may point to the presence of newly arisen yv' alleles which activated the mutation process early or late in development. These so-called 'changes in state' have been shown to be a characteristic feature of certain alleles carrying a transposable element insertion (McClintock, 1948; Fedoroff, 1989 
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Number of variegated F1 plants that have been selfed or backcrossed to LA780 using LA780 as female parent. tNumber of variegated BC1 plants that have been crossed to LA780 using LA780 as female plant. mutant phenotypes in most F2 populations derived from crosses with ten different tomato yv genotypes. This finding suggested that the instability at the yv locus was not autonomously controlled but that a second factor, needed for the expression of the instability, was segregating in these F2 populations. Under this assumption, the original variegated mutant should be homozygous for this factor as wild-type green plants have not been found after selfing. Accordingly, individuals having a green phenotype should appear due to the absence of the second factor, although their genotype is homozygous yvt. It was not possible to test this assumption directly in the respective F2 populations as no means were available to determine the genotype of the individual plants. Instead, three variegated plants were crossed to LA780 (yvh/yvs1) and their backcross and selfed progenies screened for the occurrence of stable green plants (Table 4 ). As such green plants were not found, it seems that yv'' was autonomously controlled and that the deficit in mutant phenotypes was not the result of the segregation of an additional factor. An alternative possibility would be that the yv1 was also homozygous for the postulated autonomous element and segregation does not occur in the F2 populations.
Following these observations, the question arose as to which mechanism induced the shortage of mutant phenotypes in F2 populations. For example, competition between gametes carrying wild-type and mutant yv alleles (certation) would result in a shortage of mutant phenotypes. Also, a reduced viability of yv seedlings would show the same effect. To test these possibilities, the Aps-1 isozyme marker, which is absolutely linked to the yv locus on chromosome 6 (MedinaFiiho, 1980; Weide et a!., 1993) , was used as an aid for identifying the different yv alleles in two crosses. The first F2 population to be analysed for its Aps-] genotype was derived from a cross between a variegated plant (Aps-] lAps-i , yv''/.) and a tomato genotype Ni 18 (Aps-1'/Aps-l', yv /yv; Ho et at., 1992) . This population showed a marked deficit in mutant phenotypes. The second F2 population was derived from a cross of a variegated plant (Aps-] + I Aps-i, yvh!t/.) to L4i (Aps-]3/Aps-13, yv/yv), a tomato genotype in which a large block of heterochromatin, that is positioned close to the centromere of chromosome 6, is deleted (Ecochard et at., 1969) . In this population mutant phenotypes segregated in a normal ratio. From the latter cross, two backcross populations with LA780 (Aps-1 + /Aps-i , yvdu/yvst) were also analysed. In both F2 populations, green plants carried at least one copy of the Aps-1' allele (cross A in Table 5 ) or the Aps-13 allele (cross B in Table 5 ), indicating that, as expected, the wild-type yv allele was present. Furthermore, the frequency of the Aps-i + allele among the green plants was consistent with the ratios estimated from the frequency of variegated and yellow F2 plants. Similarly, in the 57 plants of the two backcross populations (yv /yv71ut, Aps-13/Aps-1÷ xyv/yv, Aps-i/Aps-i) the 39 green plants carried the Aps-i + and the Aps-13 alleles whereas the 18 yellow plants were all homozygous Aps-it These observations excluded the possibility that a reduced viability of mutant seedlings caused the distorted segregation ratios (Table 5) , as the failure of mutant seeds to develop in plants does not influence the frequency of mutant alleles produced by the parent. In other words, two-thirds of the green plants will carry a mutant allele, irrespective of the number of mutants in a population. Clearly this was not the case in the progenies tested, so we conclude that certation caused the distorted segregation data. Finally, these data argued again against the possibility that a second factor was needed to express the variegation.
Reversion. As insertion mutations usually produce wild-type revertant alleles through the precise excision of the element, we have screened progenies of vane- gated plants for the occurrence of stable green offspring. Selfed progenies consisting of approximately 7000 seeds derived from 27 yellow yv?m/yVt heterozygotes were examined for the same purpose. Among the selfed progenies derived from variegated plants wildtype green plants were not identified. In contrast, the progeny of one yellow yv"/yV' plant consisted of 125 variegated and 79 yellow seedlings, originating from seeds of a cluster in a higher part of the plant whereas the lower clusters only produced yellow progeny.
Apparently, during a particular stage of development a reversion from yv" to yvut had occurred in the germinal layer.
The mutant phenotype is occasionally expressed in F1
plants. Surprisingly, one variegated (BOY 149) and three yellow male sterile plants were observed among a population of 1671 F1 plants originating from crosses between a wild-type yv genotype carrying an Adh-1 null mutation (B15-1-8; Wisman et al., 1991) and variegated plants. Their tme hybrid nature was demonstrated by the presence of the maternally derived Adh-1 null allele and a 5 kb polymorphic EcoRI fragment. From these findings it was speculated that the mutant alleles yvmut and yv' are capable of changing the yv + allele to yvmw or yvms when present in the same nucleus.
Alternatively, a mitotic crossing over event that had occurred very early in embryo development could explain this phenomenon.
Once the first yellow sectors had appeared on the third and fourth leaf of the variegated F1 plant BOY 149, its phenotype was indistinguishable from other variegated plants. Three cuttings derived from the variegated part of plant BOY 149 were grown to flowering plants. When selfed or backcrossed to LA780, segregation into variegated and yellow male sterile plants occurred indicating that the change at the yv locus was heritable (Table 6 ). The segregation ratio was not significantly different from 3: 1 in the selfed population or from 1:1 in the backcross population, as if BOY 149 was a yvmut/yvms heterozygote in which the yvmLt allele did not mutate to yvms. A comparable low mutation rate of the yvmut allele was also observed in the selfed offspring of six variegated B0Y149 descendants in which the proportion of yellow male sterile plants was either 25 per cent or was slightly higher than 25 per cent.
Discussion
Previously, the appearance of yellow spots on a green background was explained by the loss of an extra chromosomal fragment (Hagemann, 1963; Herrmann & Hagemann, 1967) . By analysing the selfed offspring of the original mutant, we have now shown that no relations exist between the phenotype of a plant and the presence of extra chromosomal fragments. For this
reason, it appears incorrect to ascribe the mutability of the mutant line to the frequent loss of the centric fragments (Hagemann, 1963; Herrmann & Hagemann, 1967) . Furthermore, in Hagemann's model it is quite difficult to explain how a reversion from yellow to variegated can take place, an event we have recorded in our material. The phenotypic switch from green to yellow in the eversporting mutant Yvms and the appearance of yellow plants in its offspring, suggested the presence of an unstable allele (yv'') that frequently mutates to recessive yellow (yvm). That the direction of mutation was from yvmut to yvms was confirmed by the appearance of yellow male sterile plants in populations derived from yv + /yv'"" and yvt/yVt heterozygotes. The mutation rate appeared to be autonomously controlled and very high as was inferred from the high percentage of yellow offspring.
The unusually high frequency of mutation invited speculation about the possible involvement of transposable elements in the instability. As the direction of mutation was from dominant green to recessive yellow, the mutant line represented an example of reverse variegation. This less common phenomenon has been earlier associated with transposable elements (Nevers et al., 1986 ). An example is the unstable mutation Six different variegated F2 plants of BOY 149 were selfed or backcrossed to LA780 using LA780 as male parent. Segregations significantly different from 3: 1 in selfed progenies or from 1: 1 in backcross progenies, P< 0.01.
(Y18m) of soybean, which showed similarities in phenotype and genetic behaviour to the unstable yv mutant. In case of Y18m, the patterns of reverse variegation were attributed to the activity of a transposable element (Peterson & Weber, 1969; Chandlee & Vodkin, 1989) . One important difference with the unstable yv mutation was the appearance of stable wild-type revertants among the selfed offspring of Y18m. Such revertants have not been found in yv"' offspring. Moreover, another characteristic feature of transposable element insertions apparently missing from the unstable yv mutant was the production of alleles with new phenotypes. The yv'" allele mutated frequently to yv'1 but it seemed that the new alleles were identical in conditioning male sterility (yv'), a character that is not necessarily associated with a yellow virescent condition.
The observation that the phenotype of the recessive yv alleles was sometimes expressed in F1 hybrids may indicate that a transposable element present in the mutant yv allele inserted into the homologous wildtype yv allele, a phenomenon that seems to occur rarely in petunia insertional alleles (Bianchi et al., 1978) . Assuming that the frequent transposition of an element from a nearby site into the yv locus gave rise to yellow tissue, the observed stability of the yvJ7s allele should not be expected, as the yv' allele is supposed to carry the insertion. To date only one example of a comparable situation has been described in maize where, in the absence of Ac, wild-type expression of the waxy gene occurred, although a Ds element was inserted in the upstream sequences. When Ac was present, however, mutant sectors arose as a result of intragenic transposition events, thereby generating stable and unstable germinal derivatives (Weil et al., 1992) . Thus, although the involvement of a transposable element in the instability at yv cannot be ruled out, other mechanisms deserve serious attention.
Thus far, the molecular basis of instances of genetic instability other than those implemented by transposable elements is hardly known. Examples in plant and animal systems do show that instability can be explained in terms of the reversible alteration in chromatin structure rather than in DNA sequence (Reuter & Spierer, 1992; Jablonka eta!., 1992) . It is recognized that the components of chromatin and their conformation influence the functional state of the gene. Variable factors are the timing of replication during the S-phase, the DNAse sensitivity and the degree of condensation and methylation (Jablonka et al., 1992) . The latter two, which are probably not independent from each other, have been put forward as mechanisms underlying variegation. In Drosophila the variegated expression of genes was thought to be the result of the extension of the highly condensed state of heterochromatin into the gene (Henikoff, 1990 ). The same model was proposed to explain the instability at alleles of the sulfurea locus of tomato which is located in the heterochromatic region of chromosome 2 (Hagemann, 1969; Wisman et a!., 1993) . In transgenic tobacco plants the variable expression of the maize Al gene correlated with the methylation of its promoter sequences (Meyer et al., 1993) . It can be envisaged that the instability at yv is caused by a similar mechanism affecting chromatin structure because of its position in a heterochromatic region. Moreover, the yv mutation was induced by X-ray treatment that was known to cause chromosomal rearrangements. Hence, a change in the position of yv relative to heterochromatin could be responsible for its unstable expression.
In homozygous yvms/yvms plants two characters were expressed simultaneously: yellow leaves and male sterility. It could be argued that the male sterility results from a second mutation in a gene that is required for male fertility and thus two different genes are affected in the yv plants. If so, the ms gene must be closely linked to yv as we have not been able to separate these two characters. If a spreading of heterochromatin into the yv locus could explain the instability and, in addition, the ms locus is located in between the heterochromatic region and yv, then the two loci would be always inactivated simultaneously. A second explanation could be that the male sterility is a pleiotropic effect of the yv' allele. Some support for this hypothesis might come from the observation that seed set can also be poor on yVt plants which are in less favourable conditions. Thus, the yvms allele could condition a more extreme phenotype than the yV' allele.
